Objective. To explore the relationship between junior doctors' long working hours and their performance in a variety of cognitive and clinical decision-making tests. Also, to consider the implications of performance decrements in such tests for healthcare quality.
Introduction
Worldwide, the hours worked by doctors are causing grave concern. Specifically, in hospitals, these long hours are often worked in a demanding, stressful environment in which there is a necessity to make critical decisions within a limited time frame. In such an environment, it is unsurprising that mistakes occur. Indeed, medical errors are by no means rare; for instance, it is estimated that 44 000 -98 000 patients die in US hospitals each year as a result of medical errors, numbers far in excess of deaths due to motor vehicle accidents, breast cancer and AIDS [1] .
Medical errors have led to many calls for reduced working hours for doctors. In Europe, the European Working Time Directive (EWTD) was introduced in 2004, according to which, by August 2009, junior doctors should have been working an average maximum of 48 h a week. Though it is now illegal, many doctors still work longer hours. One work practice that appears to be in direct violation of the EWTD and contributes substantially to doctors' long working hours and sleep deprivation is that of working 'on-call' shifts. In Ireland, such shifts involve working through the night, having already worked all day. Junior doctors must then continue working through the next day. All junior doctors work on-call shifts but the frequency varies with hospital and specialty and ranges from once to six times per month. Such a shift involves working for 30 consecutive hours, with little or no sleep. In Ireland, in 2007, it was reported that most junior doctors worked in excess of the weekly limit; for example, interns worked, on average, 65 h per week. If the legal requirement for junior doctors to take frequent compensatory rest breaks were included, ,5% of interns were complying with the EWTD's 56 h limit introduced in 2007 [2] .
Night shifts longer than 12 h and daytime shifts longer than 16 h are consistently found to be associated with increased accidents [3] . The cognitive psychomotor impairment after 24 h of sustained wakefulness is equivalent to a blood alcohol concentration of 0.1% [4] . It has been empirically demonstrated that long working hours for doctors have a negative impact on patient health. To illustrate, a US study of junior doctors found that 45% of respondents reported medical errors, 41% of which were attributed to fatigue. Disturbingly, 31% reported that the mistake resulted in the death of the patient [5] . A UK study that involved reading ECG printouts reported that significantly more arrhythmic episodes were missed in the sleep-deprived state [6] . Another UK study found that surgeons who had been awake all night made 20% more mistakes and took 14% longer to complete tasks than those who had a full night's sleep [7] .
A limitation with previous research in this area is that many studies do not include medically related tests, and those that do, tend not to include tests of cognitive functioning. By using both in this study, a more comprehensive and inclusive assessment of the effects of lack of sleep on doctors' performance can be gained. Thus, this research aims to objectively measure junior doctors' performance, specifically cognitive functioning and clinical decisionmaking, once when rested and once immediately after working an on-call shift. Any changes in performance in these areas from the 'rested' condition to the 'post-call' condition are, therefore, reasonably attributable to working an on-call shift, allowing us to investigate the effect working extended hours has on doctors' performance and subsequently surmise the potential effects on patient safety.
Methods

Research design
This quantitative study used a within-subject design so that variation in terms of individual differences was eliminated (e.g. differences in cognitive abilities). All participants were tested twice: once rested and once post call. Twelve of the participants completed testing in the order of rested and then post call; 18 completed testing in the opposite order. At each session, participants were tested on cognitive functioning and clinical decision-making. At the post-call testing session, participants also recorded how many hours they had worked on that shift, total number of hours slept and longest period of consecutive sleep they had while on-call.
Sample
Thirty junior doctors from six Irish hospitals were surveyed during the summer of 2008. The mean age of the group was 26.1 and ranged from 23 to 30 years. Seventeen of the participants were female, while 13 were male. Participants were selected on the basis of being a junior doctor and available to participate in both stages of testing. The sample size estimation calculations were carried out for two important variables: global cognitive score and clinical decision-making score. The levels of power associated with these variables for a sample size of 30 using a paired t-test with a 0.05 twosided significance level are 84 and 93%, respectively.
MindStreams Global Assessment Battery. Participants' cognitive functioning was measured by the MindStreamsw Global Assessment Battery, developed and provided by NeuroTrax Corp. (Fresh Meadows, NY, USA). The Global Assessment Battery is a set of computerized tests that assesses performance in memory, executive function, visual spatial perception, verbal function, attention, information processing speed and motor skills. This battery has established reliability and validity, and the psychometric properties of the tests exploit the advantages of computerized testing, providing precise accuracy, and reaction time measurements [8] [9] [10] [11] [12] . The Global Assessment Battery assesses mild impairment in cognitive functioning and contains 10 different tests (see Appendix 1 for test descriptions).
Key Features Problems. Clinical decision-making was tested using Key Features Problems (KFPs). KFPs [13, 14] test clinical decision-making skills. They are based on the concept of critical steps in decision-making and provide a flexible approach to testing clinical decision-making skills with demonstrated validity and reliability. Each problem consists of a case scenario and three to four questions about this scenario. The KFP format allows more than one correct answer, which often mirrors real-life practice. Participants were provided with three different problems at each time of testing. To make it more realistic, the speed with which participants completed the three problems was recorded. Participants were instructed to answer the questions as quickly as possible, but appropriately and adequately (see Appendix 2 for example).
Statistical analysis strategy
At the end of data collection, each participant had 'rested' and 'post-call' scores for the following variables: global cognitive score, memory, executive function, visual spatial perception, verbal function, attention, information processing speed, motor skills, clinical decision-making and time taken to complete clinical decision-making. Total number of hours worked, total number of hours slept and longest period of consecutive sleep were also recorded for each participant. As appropriate, the Wilcoxon signed-rank test and paired sample t-test were used to test for significant differences across conditions. To examine the relationship between cognitive functioning and clinical decision-making, ordinary least-squares regression was used.
Results
The average number of consecutive hours worked was 32.75, with a maximum of 39 h. The average number of hours slept during this period was 2.6 h, and the average length of the longest period of consecutive sleep during the on-call shift was 2.09 h. Total number of hours slept and longest period of consecutive sleep ranged from 0 to 4 h.
Significant differences across the conditions 'rested' and 'post-call' were found for global cognitive score, information processing speed, attention and motor skills, such that all were lower post call than rested (Fig. 1) . Also, participants scored significantly lower on and took significantly longer to complete clinical decision-making questions post call than when rested. See Tables 1 and 2 for descriptive statistics and results.
Global cognitive scores were, on average, 3.9% (3.94 points) lower post call than in the rested condition. The average change in attention scores from rested to post call was 25.03, indicating an average decrease of 4.8%. Information processing speed showed the greatest average change from rested to post call (27.63 points), representing a reduction in information processing speed of 7.2%. Scores in motor skills showed an average change of 25.67 from the rested to the post-call state, indicating a 5.5% decrease. Clinical decision-making scores were, on average, 15.2% (7.52 points) lower post call than when rested, while time taken to complete clinical decision-making problems was greater by 10% (1.39 points) post call than when rested (Fig. 2) . Scores in memory, executive function and verbal fluency were also found to be lower when tested post call; however, these differences were not statistically significant. Visual spatial skills were found to be marginally higher post call than when rested, but again this difference was not statistically significant.
Significant differences were therefore found in global cognitive scores, attention, information processing speed, motor skills and clinical decision-making scores across the two conditions. It is reasonable to surmise that these changes may be, at least, partially attributable to lack of sleep. It was further investigated whether changes in cognitive functioning scores would predict changes in clinical decision-making scores. When regressed on change in clinical decision-making scores, it was found that only one variable, i.e. change in information processing speed, consistently and significantly predicted the change in clinical decision-making scores (Table 3 ). This occurred while controlling for the effects of the individual's baseline (rested) scores in both information processing speed and clinical decision-making. This positive effect means that as speed of information processing decreases, so does the quality of clinical decision-making. Interestingly, this analysis also demonstrated that the higher a person's rested KFP score, the greater the negative change between their rested and post-call scores.
Discussion
Anyone would be at risk of having impaired cognitive functioning after working such long hours, with little sleep, in a stressful and mentally challenging environment. However, given the industry that such a work practice is occurring in, where doctors are responsible for the health and lives of others, the potential effect of working such hours should not be underestimated. In this study, attention, information processing and motor skills were the cognitive modalities found to be most affected by lack of sleep. While it is beyond the confines of this paper to examine these cognitive functions in depth, they will be very briefly examined in relation to their importance in doctors' performance and patient safety.
To put it simply, attention is the cognitive process of selectively concentrating on one aspect of the environment while ignoring others [15] . Thus, a doctor who is working an on-call shift and whose attentional resources are decreasing may find it increasingly difficult to focus and hence may miss critical information.
A motor skill is a skill that requires an organism to utilize their skeletal muscles effectively in a goal-directed manner. If fatigued doctors' motor skills are slower and less accurate, as was found in the present study, this potentially has important implications for not only surgical procedures, where fine motor skills are required, but also the more mundane, everyday tasks all junior doctors engage in that require gross motor skills, such as administering intravenous medications.
Information processing is a broad aspect of our cognitive functioning that has an impact on almost everything we do. It can be seen as the root of many other cognitive functions as it entails our ability to absorb and interpret information. Thus, if the information is absorbed or interpreted erroneously, there are consequences when we use this information. Impaired information processing may be significantly detrimental to doctors' performance, for instance, misinterpreted information could lead to misdiagnoses.
Following on from this, an important strength of this study was the use of a test of both cognitive functioning and clinical decision-making. This allowed us to investigate not only how lack of sleep might impair doctors' cognitive functioning, but also how this lowered cognitive functioning may impact doctors' work. Thus, this provides valuable insights into how lack of sleep affects doctors' performance on a practical level, rather than how working long hours and lack of sleep affects their scores on computerized tests. Not only were doctors' scores on clinical decision-making problems found to decrease from rested to post call, but impaired cognitive functioning, specifically in attention, information processing speed and executive function, was also found to predict these lowered scores.
Impaired information processing means weary doctors do not absorb and remember information as quickly as when rested. It may, therefore, take them longer to carry out tasks. Indeed, as was found in this study, tired doctors took significantly longer to complete clinical problems and were significantly less accurate in their answers, which may be related to their decreased ability to absorb and interpret new information. The results from this study indicate that information processing speed may be a particularly important cognitive modality that impacts doctors' work and is affected by lack of sleep, as it was the variable with the strongest positive association with clinical decision-making scores.
This study therefore adds to the literature, first, by showing that doctors' performance decreased not only in tests of cognitive functioning, but also in tests more specifically related to their actual work (i.e. tests of clinical decision-making) and, second, by showing how impaired cognitive functioning predicted decreases in clinical decision-making scores, thus providing evidence of a relationship between cognitive performance and medical errors in clinical decision-making. Furthermore, existence of such a relationship provides a first step in validating the use of cognitive assessments when trying to determine the impact of long working hours and lack of sleep on doctors' performance and, subsequently, patient safety.
Other areas of cognitive functioning, specifically, memory, verbal function and executive function, although not statistically significant, also showed decreased performance, which is in line with much sleep deprivation research. Decreased performance in these cognitive areas could also have a negative impact on doctors' work. For example, impaired memory functioning, specifically here working memory, means that tired doctors may not be able to consolidate new information, thereby the information will be lost and learning will not have taken place. According to Spurgeon and Harrington [16] , the fact that doctors' ability to retain new information is impaired when they are sleep deprived may counter one of the main justifications for doctors working hours, i.e. the wide experience thus gained.
Executive function serves as the 'cognitive control', a crucial component of a wide range of higher-order cognitive processes such as selective attention, error monitoring and decision-making. Sleep deprivation reduces cerebral metabolism within the pre-frontal cortex, the brain region most responsible for higher-order cognitive processes [17] . Lack of sleep, therefore, has a negative impact on doctors' executive function, which has subsequent adverse effects on a range of higher-order cognitive processes that are important for their performance and patient safety.
The findings from this study would, therefore, indicate that the practice of working on-call shifts, as done in Ireland (and many other countries), whereby an average of 32.75 consecutive hours were worked with an average of 2.6 h sleep, has negative effects on cognitive functioning and clinical decision-making which may have subsequent negative consequences for patient care.
There are a number of methodological limitations to this study that must be considered. First, the sample size (n ¼ 30) was small. This limits the generalizability of the findings. However, despite the small sample size, many significant results were found, and it is plausible that the overall trends found here would continue with a larger sample. Also each of the participants acted as their own control therefore eliminating the effects of variation caused by individual differences in cognitive abilities or clinical decision-making abilities. This was important as it ensured that differences found could reasonably be attributed to working long hours consecutively with little or no sleep.
For pragmatic reasons, it was not possible to strictly protect against practice effects. Twelve of the participants completed testing for the first time when rested, and 18 completed testing for the first time post call. Thus, a potential methodological limitation is that the order of conditions was not systematically counterbalanced across participants. However, the battery of cognitive tests contains practice or example sessions before each actual test, thus reducing the potential effect of test practice.
Another methodological consideration concerns the 'rested condition'. It was originally planned that for this condition, participants would be tested immediately before they began an on-call shift. However, it was not possible to do this for all participants as testing took 1 h to complete and when junior doctors are on-call, they often have to begin working earlier than usual. Thus, many of them would have had to commence testing at about 5:00 a.m. Participants were reluctant to do this as they would be working through the following night. Furthermore, completing cognitive tests and clinical decision-making problems at an hour when one is usually asleep would arguably not yield an accurate reflection of the participants' ability. Taking these issues into consideration, if a participant could not do the testing immediately before they started their on-call shift, it was arranged for another time when the participant would be rested. This was done on the basis that once a normal, rested standard for each participant was recorded, any decrease in performance due to an on-call shift could still be observed.
A final, possible methodological limitation was the test of clinical decision-making, the KFP. As described, these problems have demonstrated reliability and validity [14] . However, when typically used, more problems would be presented in the examination than the number used here (three at each time of testing). For instance, when used in the Royal Australian General Practitioner Medical Examination, 17 questions are given in total. It would not have been possible to give participants that many questions as testing already took 1 h. However, by only using three problems at each time of testing, their reliability may have been reduced.
Conclusion
This study has shown that working long hours consecutively and the accompanying lack of sleep has significant negative effects on junior doctors' cognitive functioning and clinical decision-making. It is, therefore, a matter of critical importance that steps are taken to reduce the hours that junior doctors work consecutively when on-call, for the health and safety of both doctors and patients. Indeed, it is perhaps more important than ever as Ireland struggles to align itself with current regulations regarding working hours for junior doctors.
